Abstract. Paracellular route is a natural pathway for the transport of many hydrophilic drugs and macromolecules. The purpose of this study was to prospectively evaluate the ability of novel co-processed non-ionic surfactants to enhance the paracellular permeability of a model hydrophilic drug metformin using Caco-2 (human colonic adenocarcinoma) cell model. A three-tier screen was undertaken to evaluate the co-processed blends based on cytotoxicity, cellular integrity, and permeability coefficient. The relative contribution of the paracellular and the transcellular route in overall transport of metformin by coprocessed blends was determined. Immunocytochemistry was conducted to determine the distribution of tight-junction protein claudin-1 after incubation with the co-processed blends. It was found that novel blends of Labrasol and Transcutol-P enhanced metformin permeability by approximately twofold with transient reduction in the transepithelia electrical resistance (TEER) and minimal cytotoxicity compared with the control, with the paracellular pathway as the major route of metformin transport. Maximum permeability of metformin (∼10-fold) was mediated by Tween-20 blends along with >75% reduction in the TEER which was irreversible over 24-h period. A shift in metformin transport from the paracellular to the transcellular route was observed with some Tween-20 blends. Immunocytochemical analysis revealed rearrangement of the cellular borders and fragmentation on treatment with Tween-20 blends. In conclusion, cytotoxicity, cellular integrity, and permeability of the hydrophilic drugs can be greatly influenced by the polyoxyethylene residues and medium chain fatty acids in the non-ionic surfactants at clinically relevant concentrations and therefore should be thoroughly investigated prior to their inclusion in formulations.
INTRODUCTION
The paracellular pathway represents an effective mechanism for the transport and delivery of highly water-soluble, poorly lipid-soluble, cationic drugs, and macromolecules (15) . Many marketed products including cimetidine and metformin are transported across the intestinal epithelia via the paracellular pathway. The paracellular route is defined by the aqueous pathway between adjacent cells of the gastrointestinal (git) epithelia and is restricted at the apical side by the tight junction (TJ) or zonula occludens (ZO) proteins, occludin, claudin, ZO-1, ZO-2, cingulin, and 7H6 (4). The rate-limiting step in the absorption of drugs via the paracellular route are the TJs, which form narrow pores and act as gatekeepers to the passage of low-molecular-weight compounds. Therefore, hydrophilic drugs such as metformin exhibit saturable kinetics through the paracellular pathway due to the narrow pores of the TJs (31) . To date, numerous approaches, including the use of surfactants, ZO toxin, delta G, and clostridium perfringens enterotoxin have been explored to make TJs reversibly permeable to poorly bioavailable drugs and macromolecules in order to enhance the paracellular permeability of these molecules (12, 37) .
Formulation excipients, such as non-ionic surfactants, are extensively used as absorption enhancers to improve absorption of poorly soluble and permeable drugs belonging to the BDDCS (proposed by (5)) classes II-IV. These absorption enhancers have been shown to increase the permeability of drugs across epithelial barriers in a concentration-dependent manner (11) . Even though, it is widely recognized that majority of non-ionic surfactants increase the permeability of drugs through the transcellular pathway, studies using human colonic adenocarcinoma cells (Caco-2) have shown that several surfactants, such as sodium dodecyl sulphate, sodium caprate, and long chain acylcarnitines can increase the permeability of drugs through the paracellular pathway (15) . Labrasol, a nonionic surfactant, has been shown to increase the paracellular permeability of mannitol in Caco-2 cells by opening the TJ proteins, F-actin, and ZO-1 (40) . In another study, Tween-20 was found to enhance the paracellular permeability of metformin, but compromised the viability of Caco-2 cell monolayer (10, 11) . Because, individual non-ionic surfactants have been shown to concurrently enhance the paracellular permeability of hydrophilic drugs and produce cytotoxicity in Caco-2 cells, we wanted to prepare co-processed non-ionic surfactants that retain the property of enhancing paracellular permeability and exhibit reduced cytotoxicity. To the best of our knowledge, there are no reports in the literature evaluating the effects of co-processed non-ionic surfactants on the paracellular permeability of hydrophilic drugs in Caco-2 cells. Hence, the objectives of this study were (1) to evaluate the role of the coprocessed non-ionic surfactants Labrasol, Tween-20, Transcutol-P, and Lauroglycol-90 and the triglycerides Maisine 35-1 and Peceol in the enhancement of the paracellular transport of a model hydrophilic drug, namely, metformin, in Caco-2 cells; (2) to determine the contribution of the paracellular and/or transcellular route in the transport of metformin across Caco-2 cells in the presence of novel coprocessed excipients; and (3) to evaluate the effect of novel co-processed excipients on the TJ protein, claudin-1, by immunocytochemistry.
MATERIALS AND METHODS

Materials
Caco-2 cells at passage number 18 were obtained from the American Type Culture Collection (VA, USA). Dulbecco's Modified Eagle's Medium (DMEM), 3-(4,5-dimethylthiazoyl)-2,5-diphenyltetrazolium bromide (MTT), heat-inactivated fetal bovine serum (FBS), penicillin-streptomycin, Lucifer yellow, Trypsin-EDTA, paraformaldehyde, sodium azide, DMSO, phosphate-buffered saline (PBS), Hank's Balanced Salt Solution (HBSS), and T-75 flasks were purchased from VWR (NJ, USA). Labrasol, Transcutol-P, Lauroglycol-90, Peceol, and Maisine-35-1 were kind gifts from Gattefosse (NJ, USA). Tween-20 was purchased from VWR (NJ, USA). Metformin was purchased from Fisher Scientific (PA, USA). [ 14 C]-Metformin (110.2 mCi/mmol) was obtained from Moravek Biochemicals, Inc. (CA, USA). Nonspecific organic cation transporter (OCT), multidrug and toxic compound extrusion (MATE), and plasma membrane monoamine transporter (PMAT) inhibitor, 1-methyl-4-phenylpyridinium (MPP + ) was purchased from Sigma Aldrich (MO, USA). The polycarbonate transwell inserts for the permeability experiments were obtained from Corning (NY, USA). Greiner Bio-One 96 well culture plates were purchased from Fisher Scientific (PA, USA). The EVOM TM epithelial voltmeter was purchased from World Precision Instruments (FL, USA). The CytoScint TM -ES Liquid Scintillation Cocktail (MP Biomedicals) was purchased from VWR (NJ, USA). For the immunocytochemistry experiments, the primary antibody (rabbit polyclonal antibody against claudin-1) and the anti-rabbit IgG Alexa fluor-594 secondary antibody were purchased from Fisher Scientific (PA, USA). All of the other chemicals were of high purity or analytical grade and used as received.
Cell Culture
Caco-2 cells were cultured in T-75 flasks in DMEM, supplemented with 4.5 g/L glucose, 4 mM L-glutamine, sodium pyruvate, 20% heat-inactivated FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37°C in an atmosphere of 5% CO 2 . Aseptic conditions were maintained at all times. The cells were routinely maintained by replacing the culture media with fresh media every 72 h and by regular passage. For the cytotoxicity study and transport experiments, the cells were used between passage numbers 20 and 40. Transwell membranes were used for the transport studies after the cells were grown for 21-28 days and when the transepithelia electrical resistance (TEER) value reached ≥300 Ω cm 2 .
Determination of Cell Viability
To evaluate the effect of surfactants on the viability of the Caco-2 cells, an MTT assay was developed based on a previous method (25) . Briefly, the cells were seeded on 96-well tissue culture plates at a density of 1×10 4 cells per well and allowed to grow in CO 2 incubator at 37°C for 3 days until confluent monolayers were obtained. For the cytotoxicty studies, the supplemented media was removed, and individual excipients, co-processed formulation blends (Table I) , and/or metformin (10 mM) solution (in sterile supplemented media) were added; the cells were incubated for 4 h. After the 4-h incubation, 20 μL of MTT reagent (5 mg/ mL in PBS) was added to the wells, and the cells were incubated for an additional 4 h. The complete medium was removed, and the formazan crystals were dissolved by the addition of 100 μL DMSO to each well. The absorbance was measured using Molecular Devices SpectraMax M5 e (CA, USA) at 560 nm, and the background at 670 nm was subtracted. All of the experiments were conducted in triplicate. The data are represented as the means ± standard deviation (SD).
Determination of Cellular Integrity
Preparation of Transwell Plates for TEER Measurements
To determine the integrity of the Caco-2 monolayers, the TEER was monitored before and after treatment with novel co-processed excipients. Briefly, 12-well Transwell inserts (Corning transwell polycarbonate plates; diameter, 6.5 mm; pore size, 3.0 μm) were used for seeding Caco-2 cells at a density of 2×10 5 cells/cm 2 , and the cells were grown for 21-28 days until confluent monolayers were obtained. The transwell plate supplemented media was changed every other day, and membranes were used in the experiments when the TEER value reached ≥300 Ω cm 2 . The TEER measurement studies were initiated by replacing the supplemented media in the donor (apical) and receiver (basolateral) compartments with the transport solution HBSS. The TEER was monitored using World Precision Instruments EVOM TM epithelial voltmeter.
Recovery of Caco-2 Cell Monolayer TEER Value
The recovery of the TJ integrity after treatment with novel co-processed formulation excipients was monitored by measuring the TEER values at defined time points for up to 24 h and before and after the Lucifer yellow permeability assay. Transwell membranes were prepared based on the criteria described in the "Preparation of Transwell Plates for TEER Measurements" section. The Caco-2 monolayers were incubated with Lucifer yellow and/or the transport solution containing co-processed excipients (Table I ) for 4 h. At the end of the incubation period, the transport solution was discarded, and the cell monolayers were three times washed with PBS. Fresh HBSS was added, and the TEER was measured for up to 24 h. The TEER values obtained after treatment with the formulation blends were expressed as relative percentages compared with the baseline values obtained for the vehicle control. All of the experiments were conducted in triplicate. The data are represented as the means ± SD.
Effect of Novel Co-Processed Excipients on Lucifer Yellow Permeability
Any chemical that enhances Lucifer yellow permeability, a marker of paracellular TJ integrity, can be considered to disrupt the TJs and the Caco-2 monolayer integrity. The paracellular permeability after the exposure of Caco-2 cells to co-processed excipients was measured using Lucifer yellow. Transwell membranes were prepared based on the criteria described in the "Preparation of Transwell Plates for TEER Measurements" section. After preincubation with HBSS, the transport solution containing Lucifer yellow (100 μg/mL in DMSO) with and without the co-processed excipients (in sterile transport solution) was added to the donor (apical) chamber, and the Caco-2 cells were incubated for 4 h. The co-processed excipients tested were based on the IC 50 values obtained from the MTT cytotoxicity assay, and the concentrations selected were well below the cytotoxic value. Samples were collected from the receiver (basolateral) compartment every 30 min for up to 4 h and replaced with fresh HBSS. The fluorescence intensity of the samples due to alterations in the Lucifer yellow permeability was measured at an excitation wavelength (Ex) of 450 nm and an emission wavelength (Em) of 520 nm using a Molecular Devices SpectraMax M5 e and the Lucifer yellow apparent permeability (P app , in centimeter per second) was determined. All of the experiments were conducted in triplicate. The data are represented as the means ± SD.
Effect of Novel Co-Processed Excipients on Metformin Permeability
Metformin was chosen as the model drug in order to determine the effect of novel co-processed excipients on the paracellular permeability (uptake) of a hydrophilic drug. As previously mentioned in "Effect of Novel Co-Processed Excipients on Lucifer Yellow Permeability" section, transwell membranes were pre-incubated in HBSS at 37°C for 30 min before initiating the transport studies. The transport solution containing co-processed excipients (Table I) , 10 mM metformin, and 0.5 μCi 14 C-metformin (a mix of cold and 14 Cmetformin in sterile transport solution was added to monitor the transport of metformin) was added to the donor (apical) chamber to evaluate the uptake of metformin in the presence of co-processed formulation blends, and the plates were further incubated for 4 h. At the end of the 4-h incubation period, samples were collected from the receiver (basolateral) compartment in a scintillation vial containing a scintillation cocktail. The radioactivity in the samples was measured using a Packard Tri-Carb Liquid Scintillation Analyzer (CT, USA). To determine the integrity of the Caco-2 monolayers, the TEER was monitored before and after treatment with the co-processed excipient blends and metformin. The recovery of TJ integrity after treatment with the co-processed formulation blends and metformin was monitored by measuring the TEER values at defined time points before and for up to 24 h after the metformin permeability assay. The TEER values obtained for the co-processed formulation blends are expressed as relative percentages compared with the baseline values obtained for the vehicle control. All of the experiments were conducted in triplicate. The data are represented as the means ± SD.
Contribution of the Transcellular and Paracellular Pathways to Metformin Transport in the Presence of Novel Co-Processed Excipients
Because non-ionic surfactants can enhance the absorption of drugs through both the transcellular and the paracellular pathway, the contribution of each pathway to the transport of metformin was evaluated. Briefly, transport studies were performed in the presence of MPP + , a nonspecific inhibitor of OCT, MATE, and PMAT transporters. Cell monolayers were pre-incubated with 0.05 mM MPP + for 30 min, the media was then replaced with transport solution containing co-processed excipients (Table I) , 10 mM metformin, and 0.5 μCi 14 C-metformin in sterile transport solution; plates were further incubated for 4 h. Following 4-h incubation, samples were collected from the receiver (basolateral) compartment in a scintillation vial containing scintillation cocktail. The radioactivity in the samples was measured using a Packard Tri-Carb Liquid To evaluate the effect of novel co-processed excipients on the expression of the tight junction protein claudin-1, immunocytochemical techniques were employed. Transwell membranes were prepared as previously described in "Effect of Novel Co-Processed Excipients on Lucifer Yellow Permeability" section. Cell monolayers were incubated with various co-processed non-ionic surfactants (Table I ) for 4 h. The medium was removed and the monolayers were washed with PBS three times at room temperature. The cells were fixed with 4% paraformaldehyde for 15 min, rinsed three times with PBS, and then permeabilized with 0.2% Tween-20 for 10 min. After further rinsing with PBS, the cells were blocked with 1% bovine serum albumin (BSA) for 1 h. The monolayers were washed again with PBS and then incubated with prediluted (in TBS, pH 7.6, 1% BSA in buffer, and less than 0.1% sodium azide) primary antibody (rabbit polyclonal antibody against claudin-1) overnight at 4°C. After three washes with PBS, the cells were incubated for 1 h with TRITC-labeled goat anti-rabbit IgG antibody (Alexa Fluor® 594 Goat Anti-Rabbit IgG) diluted at 1:200 in PBS. After several washes, the filter was cut out, mounted on glass slides, and examined under Nikon Eclipse TE2000-S fluorescent microscope.
Data Analysis
All of the experiments were conducted in triplicates, and the means calculated. The results are reported as the means ± SD. A two-tailed Student's t test was performed at p<0.05. The significant differences between groups are marked by asterisks in the figures. The Lucifer yellow and metformin apparent permeability (P app , in centimeter per second) were determined using the following formula:
where dQ/dt is the flux across the monolayer, A is the surface area of the transwell membrane, and C 0 is the initial concentration of Lucifer yellow or 14 C-metformin in the apical chamber. The percentage contribution of the paracellular and transcellular pathways to the transport of metformin across the Caco-2 cell monolayer was calculated using the following equations:
where P total =P app in the Caco-2 monolayer, Ppara is the P app of the paracellular pathway,% Para is the contribution of the paracellular pathway, and % Trans refers to the contribution of the transcellular pathway. The maximum absorbable dose (MAD) of metformin in grams was predicted from the apparent permeability using the formula (41), MAD=Peff human × S × A × Tsi, where Peff is the effective human jejunal permeability (obtained from P app data), S is the solubility of the drug, A is the absorption surface area, and Tsi is the transit time to the absorption site.
RESULTS
Cell Viability Studies of Non-Ionic Surfactants
One of the objectives of this study was to determine the viability of Caco-2 cells incubated with known and novel coprocessed non-ionic surfactants at varying concentrations with or without metformin using the MTT assay. Because the transit time of an oral dose of drug through the intestine is 3-4 h (9), the cell viability studies were conducted for 4 h (6,9,11,46). The non-ionic surfactants under consideration in this study (Tables I and II ) showed significant differences in the viability of Caco-2 cells incubated at 37°C for 4 h, and their effects were concentration-dependent (Table III) . Transcutol-P showed an IC 50 value of 2.0 ± 0.35% (v/v), whereas Lauroglycol-90, Peceol and Maisine-35-1 (Table III) were not cytotoxic over the concentration range tested (1-10% (v/ v)). The positive control polyethylene glycol-based surfactant, Labrasol, proved to be the most cytotoxic in Caco-2 cells (Table III) HLB hydrophilic and lipophilic balance refers to the hydrophilic and lipophilic parts of surfactants oxidation due to the storage conditions, elevated temperature, and light. Auto-oxidation may lead to the formation of significant levels of hydroperoxides in the product (20) , which can contribute to higher cytotoxicity, as observed by Ujhelyi et al. (45) , as against that reported by Dimitrijevic et al. (11) and in the present study. The co-incubation of the surfactants with metformin (10 mM) did not significantly alter the viability of Caco-2 cells as compared to the viability obtained in the absence of metformin (Table III) , except for Tween-20, which indicates that metformin has minimal effect on the cytotoxicity observed with individual surfactants in Caco-2 cells. The co-incubation of Tween-20 with 10 mM metformin caused an approximately twofold lowered IC 50 value of Tween-20 (2.50±0.32% (v/v)) as compared to the viability observed in the absence of metformin (IC 50 value of 4.9±0.02% (v/v)) which indicates that metformin did not had a cytoprotective effect on the Tween-20 mediated cytotoxicity in Caco-2 cells. Based on the cell viability results, non-ionic surfactants were blended with triglycerides in different ratios such that (1) the IC 50 value of the co-processed formulation excipients was a nontoxic concentration (below the IC 50 of the individual excipients) and (2) the hydrophiliclipophilic balance (HLB) of the co-processed surfactant blends was less than 7.0 for formulating water-in-oil (w/o) type of emulsion of hydrophilic drugs and macromolecules. The cell viability results for the co-processed blends of Labrasol, Transcutol-P, and Tween-20 indicated that the blends were nontoxic at the fabricated ratios and concentrations (Fig. 1 ).
Cellular Integrity Studies
TEER Measurements
Transepithelial electrical resistance measurements were conducted to determine the TJ integrity after incubation of the Caco-2 cell monolayers with the surfactants on the donor (apical) chamber of transwell plates (the TJs proteins are located on the apical side of the monolayers). Because the transit time of an oral dose of drug through the intestine is 3-4 h (9), the TEER was determined up to 4 h after treatment with the co-processed excipients, whereas the recovery of the cells was monitored for up to 24 h. Although, 0.05% (v/v) Labrasol had minimal effect on cell viability as indicated by the MTT assay (Fig. 1) , the TEER value of the Caco-2 monolayers exposed to 0.05% (v/v) Labrasol alone (Fig. 2a, blend 1a ) was reduced significantly (<70% of the baseline values, p<0.05) compared with the other co-processed blends of Labrasol ( Fig. 2a) : co-processed Labrasol blend 1b (0.05% (v/v) Labrasol and 1% (v/v) Lauroglycol-90) and blend 1d (0.05% (v/v) Labrasol, 0.5% (v/v) Transcutol-P, and 1% (v/v) Peceol). A minimal effect on the TEER value was observed with co-processed formulation excipients containing 0.5% (v/v) Transcutol-P compared with the media control (Fig. 2b, blends 2a-d) . Similar to the effect observed with 0.05% (v/v) Labrasol, Tween-20 in a blend containing 1% (v/v) Lauroglycol-90 showed a reduced TEER value (Fig. 2c, blend 3b , ∼60% of baseline values; p<0.05) following incubation with Caco-2 cell monolayer at 37°C for 4 h compared with all other co-processed blends under evaluation in this study. These results indicate that the decreased TEER will lead to increased paracellular permeability, but the extent to which an excipient will reduce TEER will depend on the concentration used in the formulation and on the type and nature of the functional groups attached to the excipient. 
Recovery of Caco-2 Cell Monolayer TEER Value
Because changes in the TEER value have been shown to modulate paracellular permeability of xenobiotics and endogenous inflammatory cytokines (precursors of cellular viability events), we wanted to determine whether Caco-2 cell monolayers incubated with known non-ionic surfactants or co-processed blends disrupt the TJ integrity in a reversible or irreversible manner. Therefore, the transport medium was replaced with fresh HBSS 4 h after incubation with individual and co-processed excipient blends, and the TEER was monitored over 24 h. The TEER value obtained after treatment with 0.05% (v/v) Labrasol, which was markedly decreased at 4 h (Fig. 2a, blend 1a) compared to that obtained with the other surfactants, recovered slowly and reached approximately 70% of the baseline values at 6 h and recovered to ∼90% of the baseline values at 24 h. Transcutol-P at 0.5% (v/v) and Tween-20 at 0.5% (v/v) did not show any appreciable reduction in the TEER values (Fig. 2b, c, blends 2a and 3a) , which was corroborated by their minimal effects on cell viability (Fig. 1) .
A significant reduction in the TEER value (<70% of baseline, p < 0.05) was observed with the co-processed (Fig.2c, blend 3b) . Collectively, these results indicate that irreversibility of TEER on incubation with Tween-20 blend 3b would lead to permanent opening of the TJ that would allow the passage of extracellular components along with the drug molecules. Irreversibility of TEER indicates markedly higher damage to the TJ proteins than transient TEER alterations as seen with Labrasol blends, 1b and 1d.
Effect of Co-processed Blends of Non-Ionic Surfactants on Lucifer Yellow Permeability
Alterations in TEER can have a direct consequence on the paracellular permeability in Caco-2 cell monolayers due to the effects on TJ proteins (18) . Hence, to confirm our TEER findings, we evaluated the paracellular transport of Lucifer yellow, which is predominantly transported via the paracellular route. After the cell viability experiments, the co-processed blends of surfactants were evaluated to determine their ability to affect the Lucifer yellow permeability and alter the TEER value in Caco-2 cell monolayers. Labrasol blend 1a at 0.05% (v/v) and co-processed blend with 1% (v/v) Lauroglycol-90 blend 1b showed enhanced Lucifer yellow permeability (approximately three-and fourfold, respectively) and a reduced TEER value in Caco-2 cell monolayers after incubation at 37°C for 4 h compared with the media control (HBSS; Fig. 3a) . The apparent Lucifer yellow permeability in the presence of 0.5% (v/v) Transcutol-P blend 2a or co-processed with non-ionic surfactants, blends 2b-2d was low (p<0.05), compared with that obtained with the Labrasol containing blends (Fig. 3b, blends 2a-2d) . Tween-20 at 0.5% (v/v) alone, showed enhanced Lucifer yellow permeability across Caco-2 cell monolayers (approximately threefold), and this result was supported by a concomitant decrease in the TEER values (Fig. 3c, blend 3a) . The apparent Lucifer yellow permeability after incubation with the co-processed blend of 0.5% (v/v) Tween-20 and 1% (v/v) Lauroglycol-90 was highest (∼tenfold, Fig. 1c, blend 3b ; p < 0.05) compared with all other individual and co-processed blends of non-ionic surfactants (Fig. 3a, b, c) , and a significant reduction in the TEER value was obtained after the 4-h incubation period.
Of all of the fabricated novel co-processed non-ionic surfactants, the blend of 0.05% (v/v) Labrasol and 0.5% (v/v) Tween-20 containing 1% (v/v) Lauroglycol-90 showed maximal enhancement of the Lucifer yellow permeability and maximal reduction of the TEER value (Fig. 1, blends 1b and  3b) . The enhanced Lucifer yellow permeability and reduced TEER obtained through the incorporation of 1% (v/v) Lauroglycol-90 with Labrasol and Tween-20 in formulation blends (blends 1b and 3b, respectively) may be associated with the fact that 1% (v/v) Lauroglycol 90 does not significantly lower the polarity of Labrasol and Tween-20 in the blends (HLB > 5) compared to the other Labrasol blends which leads to an increased paracellular permeability of Lucifer yellow.
Effect of Co-Processed Blends of Non-Ionic Surfactants on the Distribution of the Tight Junction Protein Claudin-1
Claudin-1, a member of the transmembrane protein family claudin, plays an important role in the maintenance of the polarity, structure, and paracellular transport function of the tight junctions. Alterations in the expression of claudin-1 can decrease the TJ resistance, thereby causing "leakiness" of the TJ and increased paracellular permeability (46) . Therefore, Caco-2 cells were exposed to co-processed formulation blends to evaluate the effect of non-ionic surfactants on the expression and localization of claudin-1, which were determined by immunostaining followed by fluorescence microscopy. The incubation of Caco-2 cells with the formulation blends for 4 h altered the distribution of claudin-1 significantly. Compared with the continuous bands of claudin-1 observed in the cellular borders of the immunolabeled media control (Fig. 4,  control) , the blend containing 0.05% (v/v) Labrasol and 1% (v/v) Lauroglycol (Fig. 4b, blend 1b) exhibited diminished immunostaining of the cell borders, and this decrease was supported by a ∼25% reduction in TEER values (Fig. 2a,  blend 1b) and an approximately fourfold increase in Lucifer yellow permeability (Fig. 3a, blend 1b) . The formulation blends containing 0.5% (v/v) Tween-20 resulted in a rearrangement of the cellular borders with significant fragmentation and the presence of "holes", as observed by the diminished immunostaining of the cell borders (Fig. 4i-l) . Such rearrangement of cellular borders may explain the enhanced overall permeability of Lucifer yellow (Fig. 3c, blends  3a-3d) .
Effect of Co-Processed Blends of Non-Ionic Surfactants on Metformin Permeability
One of the objectives of this study was to evaluate whether certain co-processed blends of non-ionic surfactants can enhance the uptake of metformin through the paracellular route because the transport of metformin has been shown to be variable, incomplete, and preferentially through the paracellular pathway (31) . The apparent permeability of 10 mM metformin and 0.5 μCi 14 C-metformin (P app =3.710± 0.050×10 −7 cm/sec, Table IV ) was found to be in agreement with that reported by (31) . Formulation blends containing 0.05% (v/v) Labrasol alone or co-processed with other surfactants showed approximately twofold-enhanced metformin permeabilities (P app =4.912±0.058-6.632±0.089× 10 −7 cm/sec, blends 1a-1d, respectively; Table IV) in Caco-2 monolayer after co-incubation with metformin at 37°C for 4 h compared with control incubations with 10 mM metformin (P a p p = 3.710 ± 0.050 × 10 − 7 cm/sec; Table IV measurements conducted at 4 h indicated an approximately 20% reduction from the baseline values for all Labrasolcontaining co-processed formulation blends in the presence of metformin, but these recovered to the baseline values over a 24-h time period (Fig. 5a) . These results confirm our findings that, although some Labrasol-containing co-processed blends decrease the TEER values and increase the Lucifer yellow permeability (see "Cellular Integrity Studies" and "Effect of Co-processed Blends of Non-Ionic Surfactants on Lucifer Yellow Permeability" sections), their co-incubation with 10 mM metformin had minimal effect on the TEER value and an approximately twofold increase in the metformin permeability. Transcutol-P at 0.5% (v/v) alone or in blends with other surfactants showed approximately similar or close to 1.5-fold increase in the apparent metformin permeability value (P app =3.816×1.088-5.650±0.531×10 −7 cm/sec, blends 2b-2d, respectively). There was close to a 20% reduction in the TEER value from the baseline values for all Transcutol-Pcontaining co-processed formulation blends in the presence of metformin, but these recovered to the baseline values over a 24-h period (Fig. 5b) . Formulation blends containing 0.5% (v/ v) Tween-20 with other non-ionic surfactants showed the maximum permeability of metformin (approximately four-to tenfold increase) across Caco-2 cell monolayers (P app =1.305± 0.120-3.998±0.642×10
−6 cm/sec, blends 3a-3d, respectively; Table IV ) and a 75% reduction in the TEER values at 4 h compared with control incubations containing 10 mM metformin (P app =3.710± 0.050× 10 −7 cm/sec; Table IV and Fig. 5c ). In addition, the monolayers incubated with the Tween-20-containing co-processed formulation blends in the presence of metformin failed to recover to the baseline TEER values over a 24-h period.
Contribution of the Transcellular and Paracellular Pathway to Metformin Transport in the Presence of Co-Processed Blends of Non-Ionic Surfactants
The absorption of metformin has been found to be mediated via a wide range of apical uptake transporters, including OCT-1, SERT, and PMAT, which play a minor role (21, 24, 49) , and the paracellular route which is the predominant pathway (90-95%) for metformin transport across Caco-2 cells (31) . Therefore, to evaluate the contribution of the transcellular and paracellular pathways to metformin transport in the presence of co-processed blends of nonionic surfactants, Caco-2 cells were pre-incubated with 0.05 mM MPP + , a nonspecific OCT-1, MATE1, and PMAT inhibitor (uptake transporters that have been implicated in the transport of metformin in the git and liver) (21, 24, 31, 49) , and the metformin transport was determined. In the presence of 0.05 mM MPP + , the transcellular and paracellular contributions to metformin transport (P app =3.710±0.050×10 −7 cm/sec) were found to be approximately 31% and 69%, respectively (Table IV) . When co-incubated with formulation blends containing 0.05% (v/v) Labrasol, 0.5% (v/v) Transcutol-P, and 1% (v/v) Peceol, it was found that the contribution of the paracellular pathway to metformin transport was most significant for blends 1d and 2d (approximately 78%, p<0.05; Table IV ). Co-processed excipients containing 0.5% (v/v) Tween-20 and/or 1% (v/v) Lauroglycol, 0.5% (v/v) Transcutol-P, and 1% (v/v) Maisine reversed metformin transport process from the paracellular (∼31% in the absence of formulation blends) to the transcellular route (∼78% in the presence of formulation blends 3a-3c, Table IV; p<0.05), compared with blend 3d, which contains 0.5% (v/v) Tween-20, 0.5% (v/v) Transcutol-P, and 1% (v/v) Peceol. Because Caco-2 cells were preincubated with MPP + , we expected a complete inhibition of the transcellular-mediated transport of metformin. However, our results indicate that transporters other than OCT-1, MATE1, and PMAT may be involved in the transcellular transport of metformin in the gastrointestinal tract. In contrast, 1% (v/v) Peceol in formulation blend 3d did not alter the metformin transport via the paracellular route. It is possible that metformin was initially transported through the transcellular route in the presence of formulation blends 3a-3d causing a ∼ten-to elevenfold increase in the total metformin permeability compared with metformin alone (Table IV) . Once the transcellular route was saturated, metformin was transported across Caco-2 monolayers through the paracellular route in blends 3b-3c which indicates a reversal in the metformin permeability pathway. These results reinforce our conclusions from "Effect of CoProcessed Blends of Non-Ionic Surfactants on the Distribution of the Tight Junction Protein Claudin-1" section, that incubation of Caco-2 cell monolayers with the Tween-20 blends causes rearrangement of the TJ protein claudin-1 and a shift in the metformin transport from the transcellular to the paracellular pathway.
Effect of Co-Processed Blends of Non-Ionic Surfactants on MAD of Metformin by In Vitro In Vivo Extrapolation
Because many of the fabricated formulation blends were found to be significant contributors to the paracellular transport of metformin, the maximum dose of metformin that could be absorbed if the blends under investigation were to be utilized for formulation development was predicted from the apparent permeability values using the equation developed by Sun et al. (41) , which uses the effective human jejunal permeability Peff value to predict the oral absorption. As metformin has been shown to be extensively absorbed from the upper intestine (duodenum and jejunum) the apparent permeability data for metformin (P app ) obtained in the presence and absence of co-processed blends of non-ionic surfactants was utilized to predict the maximum absorbable dose (MAD). Based on the solubility profile of metformin (25 mg/mL), it was found that approximately 86 mg of metformin can be absorbed through the paracellular route in the absence of any surfactant from an oral dose of 1 g (Table IV ). In the presence of Labrasol-and Transcutol-P-containing formulation blends, the maximum dose of metformin that could be absorbed was predicted to be approximately 100-150 mg. The formulations containing Tween-20 and/or other surfactants such as Lauroglycol-90 and Transcutol-P could significantly enhance the absorption of metformin through the paracellular route by a factor of two-to tenfold (∼960 mg; Table IV) .
DISCUSSION
The paracellular pathway is a promising route for the delivery of hydrophilic drugs and macromolecules (3, 43, 49) . Non-ionic surfactants have been shown to enhance the (19, 31, 34, 35, 49) . Through this study, we found that co-processed blends of Labrasol and Transcutol could transiently disrupt transepithelial resistance and enhance the paracellular permeability of a hydrophilic model drug metformin by approximately twofold at nontoxic concentrations compared to the individual excipients.
The paracellular pathway forms a highly hydrated pore that can accommodate ions of various sizes (∼8Ǻ radii) and charges depending upon cell-cell interactions and interaction of the ions with the TJ proteins (2) . Several studies have shown enhanced permeability of various cations, inulin, and non-ionic surfactant polyethylene glycol 4000 (PEG 4000) across the rat intestinal epithelia, indicating an inverse relationship between molecular radii (∼8Ǻ radii) and TJ permeability (1, 28) . Therefore, the extent to which a non-ionic surfactant can decrease TEER and increase paracellular permeability will depend on the flexibility or conformation of the surfactant and on the HLB.
Labrasol and Tween-20 are hydrophilic polyoxyethylene glycol-based non-ionic surfactants with a polyoxyethylene substructure that serves as the hydrophilic part of the molecule, and caprylic acid and lauric acid (medium chain fatty acids) as the hydrophobic region (Table II) . In contrast, Transcutol-P and Lauroglycol-90 are hydrophobic diethylene glycol-and propylene glycol-based non-ionic surfactants, respectively, and diethylene glycol and propylene glycol serve as the hydrophilic regions of these molecules. Lauric acid forms the hydrophobic region in Lauroglycol-90. Because the number of ethylene oxide residues and alkyl chains determine the aqueous solubility and the ability of the surfactants to diffuse through the aqueous TJ pore, Labrasol and Tween-20, which are highly hydrophilic, may have a higher propensity to diffuse through the TJ pore compared to Transcutol-P and Lauroglycol-90. However, it is not known how the hydrophilic or hydrophobic regions in a non-ionic surfactant orient themselves when they diffuse through the gradient aqueous TJ pore. Based on the literature evidence, we know that medium chain fatty acids (MCFA) caprylic acid and lauric acid, can enhance the paracellular permeability of hydrophilic drugs such as dextran by increasing the intracellular Ca +2 levels via the phospholipase (PLC)-dependent pathway (8, 22) . These studies indicate that MCFA in the non-ionic surfactants probably interact with the TJ proteins and contribute to their toxicity as reflected by the activation of proinflammatory cytokines interleukin (IL-8) and tumor necrosis factor alpha (TNF-α) in Caco-2 cells (8, 23, 36 ). In the current study, due to the presence of polyoxyethylene glycol residues and MCFA, Labrasol and Tween-20 (HLB >14) were found to be more cytotoxic than Lauroglycol-90 (HLB <5). Therefore, when a higher and a lower HLB value surfactant was combined at nontoxic concentrations, the blends fabricated were found to be hydrophobic with HLB ∼7.0 with significantly reduced cytotoxicity as seen in Fig. 1 .
Transepithelial resistance and Lucifer yellow permeability studies indicated that the modulation of the TJ permeability was dependent on the HLB and the presence of MCFA in the blends. Labrasol and Transcutol-P blends with HLB <5 (Table I) transiently reduced TEER and enhanced Lucifer yellow permeability by approximately two-to fourfold (Fig. 1) . The greatest enhancement in Lucifer yellow permeability (∼tenfold) was observed with the blend of Tween-20 and Lauroglycol-90 (HLB >5) that caused irreversible lowering of TEER as a consequence of significant fragmentation and diminished immunostaining of the cellular borders. In studies conducted by Narai et al. (26) , the authors found that irreversible changes in TEER value preceded cellular viability events when Caco-2 cells were incubated with cytotoxicants at lower concentrations, whereas at higher cytotoxicant concentrations, the cellular viability events paralleled the alterations in the TEER values; this observation was also evident in our study from diminished immunostaining of claudin-1 (47), a protein involved in maintaining TJ structure, and rearrangement of cellular borders following exposure to Tween-20 blends (Fig. 4i-l) . These results highlight the fact that nonionic surfactant blends with HLB <5.0 (hydrophobic in nature), function as paracellular permeability enhancers with minimal cytotoxicity. Blends with HLB >5.0 (less hydrophobic) retain the ability to enhance paracellular permeability, but irreversibly open the TJ and cause increased cytotoxicity as evident from dimished immunostaining of claudin-1, rearrangement of cellular borders, and presence of holes following exposure to Tween-20 blends (Fig. 4i-l) .
Numerous mechanisms by which surfactants can modulate the TJ opening including the activation of PLC-mediated signaling pathway, ATP depletion, tyrosine kinase-phosphatase pathway, and the depletion of extracellular calcium and disruption of cell-cell adhesion has been proposed (33, 43) . The non-ionic surfactants can alter TJ permeability through the Na + , K + -ATPase/Na + -glucose transport system, which has been implicated in the organization and regulation of the TJ integrity by "solvent drag" mechanism (28, 32) . PEG a nonionic surfactant has been shown to inhibit the Na + , K + -ATPase system (29, 44) . Inhibition of the Na + , K + -ATPase system in the intestinal enterocytes can cause increased glucose uptake by the intestinal Na + -glucose transporter, namely the sodiumglucose linked transporter (SGLT-1), with a concomitant increase in the intracellular sodium transport, a decrease in TEER value and an increase in the paracellular permeability. Because polyoxyethylene glycol-and MCFA-based Tween-20 blends have HLB >5, the blends may have a higher propensity to inhibit the Na + , K + -ATPase system, which was evident from more than 40% decrease in TEER by 4-h incubation period and ∼tenfold increase in Lucifer yellow permeability (Fig. 2c) . Moreover, the TEER failed to return to the baseline values over the 24-h period after removal of Tween-20 blends, which was not the case with Labrasol blends. Labrasol blends probably have a lower propensity to inhibit the Na + , K + -ATPase system seen from the transient decrease in the TEER that returned to the control values by 24-h period with approximately two-to fourfold increase in Lucifer yellow permeability. Transcutol-P, a flexible diethylene glycol monoethyl ether is hydrophobic in nature (HLB=4.2) because it lacks polyethylene oxide chains in its structure. In addition, Transcutol-P does not contain medium chain fatty acids, therefore the Transcutol blends (HLB <5) most likely have the least interactions with the TJ proteins which was evident from minimal or no decrease in the TEER and approximately twofold increase in Lucifer yellow permeability.
Metformin, an oral antihyperglycemic agent, has been shown to be transported through the paracellular space, which are located on the apical side of human enterocytes, through an active and saturable process (47) . It is a BCS class III drug with high solubility and poor permeability profile. At higher doses metformin exhibits nonlinear and saturable pharmacokinetics (13, 28, 39, 40, 45) that increases the residence time of metformin in the intestinal lumen causing gastrointestinal upset, nausea, and diarrhea in patients. The mechanism through which metformin elicits its effect on glucose transport remains debatable. In type 2 diabetes, the functional activities of SGLT-1 (transports glucose and galactose from the lumen of the intestine into the enterocytes) and GLUT2 (glucose transporter 2, involved in the transport of glucose from the intestinal lumen through the TJ by the paracellular route) are increased (36) . Metformin has been shown to lower glucose transport by decreasing SGLT-1 and increasing GLUT2 activities in intestinal enterocytes. This inhibition of SGLT-1 by metformin leads to decreased glucose uptake with a concomitant decrease in sodium and water transport through the paracellular route. Since inhibition of SGLT-1 causes increased GLUT2 activities, glucose transport can be switched from sodium-dependent to passive paracellular transport, along with increased water transport (36) . In the current study, the co-incubation of non-ionic surfactant blends with 10 mM metformin most likely causes complimentary and complex interplay between metformin and the surfactants with the transcellular and paracellular route transporters. As a result, the activation of the Na + , K + -ATPase system by non-ionic surfactant blends (28) and the inhibitory effects of metformin on SGLT-1/GLUT2 (36) causes increased sodium and glucose transport, minimal reduction in TEER, and an enhancement of the paracellular permeability of metformin by approximately two-to fourfold on co-incubation with Labrasol and Transcutol-P blends (Table IV) . Tween-20 blends produced >tenfold enhancement in metformin permeability but caused more than 70% decrease in TEER by 4 h which was irreversible even at 24 h. The irreversibility of TEER following incubation with Tween-20 blends could be due to pronounced effect of Tween-20 blends on Na + , K + -ATPase system. The results from our study parallel those obtained by Dimitrijevic et al. (11) , who evaluated the effect of solulans and polysorbates on metformin permeability. These researchers found that 5% (v/v) Tween-20 enhanced metformin permeability by approximately 20-fold in Caco-2 cell model but caused extensive cellular damage.
Because non-ionic surfactants have the ability to enhance the permeability of xenobiotics through both, the transcellular (solubilizing, disorganizing, and penetrating the intercellular lipid bilayer) and the paracellular pathway (14, 17, 47, 49) , we explored the role of transcellular and paracellular route in the transport of metformin using MPP + , a non-specific inhibitor of uptake transporters involved in the metformin transport. Metformin was found to be predominantly (∼70%) transported through the paracellular route in the presence and absence of Labrasol and Transcutol-P blends (Table IV) . We observed a shift in the metformin transport from the paracellular to the transcellular route on co-incubation with Tween-20 blends, 3a-3c (Table IV) . The shift in metformin transport was not observed with Tween-20 blend 3d containing 0.5% (v/v) Transcutol and 1% (v/v) Peceol. Similar transport mechanism exists for glucose in the small intestine (28) . The authors have shown that following the transcellular absorption of glucose mediated by the Na + , K + -ATPase system, the paracellular absorption of glucose is triggered by the activation of SGLT-1 due to the presence of luminal glucose, leading to increase in water and Na + absorption, facilitating the opening of paracellular pathway and increase in the TJ permeability (29, 44) . The increase in TJ permeability has been found to trigger flux of several nutrients through the paracellular pathway. In our study, Tween-20 blends, 3a-3d, most likely modulates metformin transport differentially. First, the blends probably initiated the transcellular transport of metformin by solubilizing and permeating the lipid bilayer, which caused approximately three-to fourfold increase in metformin permeability. Due to the inhibitory effects of metformin on the glucose uptake, the concentration of glucose in the transwell apical chamber increased, which triggered the activation of SGLT-1 and an increase in Na + absorption. The passage of high amounts of Na + through the TJ produced more than 70% drop in TEER within 4 h and opened the paracellular pathway causing enhanced metformin permeability, as observed with Tween-20 blends, 3a-3d. Hydrophilic Tween-20 blends, 3a-3c (HLB >6) significantly contributed to the enhanced transcellular transport of metformin, compared to blend 3d containing Transcutol-P and Peceol. It should be noted that the non-ionic surfactants can regulate the TJ opening through other competing pathways including the inhibition of Na Among the blends evaluated in this study, Labrasol and Transcutol blends retained the ability to enhance paracellular permeability of metformin with minimal cytotoxicity compared to Tween-20 blends. Therefore, we employed a prospective approach to predict the metformin dose that could be absorbed if Labrasol or Transcutol blends would be used for formulation development. In the past three decades, the Caco-2 cell model has been extensively used as an in vitro system to evaluate the intestinal permeability (jejunal and duodenal) and predict the oral absorption of new chemical entities. Although Caco-2 cells are derived from human colorectal (large intestine) adenocarcinoma, when cultured in the presence of supplemented media and experimental conditions mentioned in the manuscript, the cells, upon reaching confluency as a monolayer, differentiate and polarize, such that they morphologically (form microvilli in apical side) and functionally (express efflux and uptake transporters) mimic enterocytes of the small intestine (1, 7, 16, 30) . The use of such predictive models aids the screening of formulations that exhibit the best absorption profile for in vivo testing. Approximately 150-960 mg of metformin could be absorbed, if a dose of 1 g were to be formulated with the co-processed blends evaluated in this study. The predicted absorbed dose is much higher than the ∼2 μg/mL Cmax that is achieved following ingestion of an 850 mg oral dose of metformin (13) . The predicted dose does not take into account the barrier effect of the mucus in the intestinal lumen that can significantly reduce the permeability of a drug molecule nor does it take into account the effect of gastric motility and the transit time that can alter the absorption profile of metformin significantly since metformin is slowly absorbed from the duodenum and jejunum. Because nonionic surfactants can have an osmotic effect in the small intestine, these surfactants can alter the gastric motility and the transit time of a dosage form contributing to significantly lower absorption profile of the drug molecules. Hence, the results from this study reinforce the use of in vitro cell models for screening and selection of optimal formulation excipients to determine the effect of the excipients on the permeability of a drug molecule prior to performing exhaustive and resourceintensive animal studies to evaluate the bioavailability of a drug molecule.
CONCLUSIONS
Non-ionic surfactants are widely used as solubility and permeability enhancers in solid and liquid dosage forms. In the past decade, the propensity of formulation excipients to modulate xenobiotic transporters has lead to prospective screening of the surfactants in Caco-2 cell models prior to their inclusion in the formulations. Through this study, we have made an attempt to fabricate novel co-processed blends of known non-ionic surfactants with the goal of enhancing paracellular permeability of a model hydrophilic drug, metformin, without compromising cellular viability. We have demonstrated that at lower concentrations, formulation blends of Labrasol and Transcutol-P retain the ability to enhance paracellular permeability of a hydrophilic drug, metformin, with minimal effect on TEER and cellular viability. Such formulation blends would therefore be suitable for development of a dosage form for pharmacokinetic studies in animal models.
